This study reports on the geometry optimizations and electronic structure calculations for methyl pyropheophorbide (MPPa), tropolonyl methyl pyropheophorbides (TMPPa, ITMPPa), and cationic tropolonyl methyl pyropheophorbides (TMPPa
Introduction
Based on porphyrin structures, chlorin-based compound is a more attractive photosensitizer because of its strong absorbance band at 665nm. 1 The subsequent irradiation with visible light and in the presence of oxygen, specifically produces damaged cells that inactivate the microorganisms. [2] [3] Generally, gram-positive bacteria are efficiently photoinactivated by a variety of photosensitizers, whereas gram-negative bacteria are resistant to the action of negatively charged or neutral agent. 2 Tropolones have been shown to be bacteriostatic and bactericidal for gram-positive and gram-negative bacterial species. 4 Without the presence of an additional permeability agent, cationic photosensitizer have been shown to photoinduce direct inactivation of gram-negative bacteria. 2, 5 Cationic photosensitizer for porphyrin had been investigated by several researchers. 1, [6] [7] [8] [9] [10] In a recent study, the combined chlorin-based compounds of novel photosensitizer as PDT and the tropolones as antimicrobials were synthesized to see the dual function activities. [11] [12] The combined compounds are tropolonyl methyl pyropheophorbides (TMPPa and ITMPPa) and methyl pyropheophorbide-substituted tropylium tetrafluroborates (TMPPa Density functional theory (DFT) have been extensively used to study various aspects of the porphyrin macrocycle, 13(a) the theoretical studies on photosensitizer are relatively scare. Beck's three parameter hybrid functional using the LYP correlation function (B3LYP) among the DFT is the most popular density functional theory. 21 In previous study, 15 the order of the maximum difference error is HF (Hartree-Fock) > LSDA > B3LYP with respect to experimental for each model chemistry, namely, the B3LYP among the three theory is adequate. It is well-known that the HF method overestimates HOMO-LUMO band gaps as compared to that of other method.
14(b) To calculate higher accuracy energy models, we need to select a large basis set. It is difficult to calculate with a large basis set for these molecules. However we found that the wavelength owing to B3LYP/6-31G* energy band gaps is favored with experimental value in Soret (B) and local spin density approximation (LSDA/6-31G*) energy band gaps are favored with experimental value in visible bands(Q) in previous study. 15 We are interested in photosensitizers to have a long wavelength from the base on calculated geometries. Thus in this study we carried out LSDA calculations because good photosensitizers may be related to the red shift of the longest wavelength Q band, which enables low energy light to be used. 7 This work is intended to serve as the basis for understanding the distortion of chlorin macrocycle by the tropolonyl group in structural effects and providing the insight of the ground state absorption (Visible band, Q band) from the calculated electronic state.
This paper presents the results of molecular geometries and electronic structures of methyl pyropheophorbide-a (MPPa), 17 Furthermore, non-planar deformations of the chlorin macrocycle are induced by steric forces arising from the substituted tropolone and cationic tropolone in methyl pyropheophorbides. The optimized structures were later analyzed using normal-coordinate structural decomposition (NSD).
13(b), [18] [19] As we examine the effects, the tropolonyl substituents and the deformations of chlorins ring in π system have been related to the visible band.
Computational Methods
DFT calculations were carried out using LSDA. 16 The closed-shell species (MPa, MPPa, TMPPa, ITMPPa, TMPPa were calculated with the spin-restricted method. A preliminary search for stationary structures of all studied species was carried out by geometry optimizations using the restricted Hatree-Fock (RHF) level theory. The obtained structures were for the final optimization using the LSDA level theory, then the split-valence and polarized 6-31G* basis set were employed in the geometry optimizations. The Hartree-Fock orbital energies can be used to reproduce ultraviolet photoelectron spectra patterns via Koopman's theorem (KT). LSDA is based on densities rather than wave functions, and the Kohn-Sham (KS) orbital energies. Wavelengths of Q band were calculated from Gouterman (the Four Orbitals). 17 Geometries in ions (TMPPa + and ITMPPa + ) were also fully optimized with the SCF=QC option to achieve convergence.
The LSDA-optimized structures are analyzed using NSD.
13(b), [18] [19] This method characterizes the chlorin conformation in terms of equivalent displacements along the normal coordinates chlorin macrocycle. Typically, the largest static distortions of the chlorin macrocycle occur along the softest normal modes, hence the greatest contributors to the nonplanar distortion are the lowest-frequency normal coordinates of each out-of-plane symmetry type (B1u, B2u, A2u, Eg, and A1u). These deformations correspond to the symmetric distortions commonly observed in a structure and were named ruffling (ruf), saddling (sad), doming (dom), waving (wav(x,y)), and propelling (pro).
13(b), [18] [19] They give asymme-tric macrocyclic distortions of various types, adding along the projections of the total distortions when mixed together. Only these six normal coordinates typically simulate the actual out-of-plane distortion that is reasonably accurate. The Gaussian 03 program and NSD program on Silicon Graphics Computer System were used in performing calculations and in searching for the optimum geometries using the criteria of minimum energies.
16
Results and Discussion Molecular Geometries. The geometries are important because of closely relation with HOMO-LUMO band gaps and the distortion of chlorin macrocycles. Therefore we will be described to bond angles and bond lengths due to (cationic) tropolonyl groups. The structural formulas of methyl pyropheophorbide-a (MPPa) and methyl pheophorbide-a (MPa) are shown in Figure 1 . MPPa is obtained when the carboxyl group is decarboxylated in ring V in MPa. The X-ray crystal and molecular structure of MPa was studied by Fischer et al. (1972) . Methyl pyropheophorbide-a-substituted tropylium ion (TMPPa   +   ) and methyl pyropheophorbide-a-substituted 3-isopropyl tropylium ion (ITMPPa + ) are studied to evaluate the structural consequences of electronic oxidation. TMPPa and ITMPPa were obtained when tropolone (or 3-isopropyl tropolone) was combined with MPPa. Selected LSDA-optimized bond distances in methyl (pyro) pheophorbides, tropolonyl methyl pyropheophorbides, and methyl pyropheophorbide-a-substituted tropylium ions are listed in Table 1 in accordance to the numbering shown in Figure 4 . The calculated MPa bond lengths are good agreement with the experimental crystal structure of MPa, 20 with a maximum difference of ~0.035 Å. Calculated bond lengths are slightly shorter than the measured ones except C2-C3 in ring I, 0.020-0.022 Å for C1-C2 and C3-C4 bonds, 0.035 Å for C2-C3 bond, and 0.001-0.007 Å for C1-N1 and C4-N1 bonds. In ring II, the difference of calculated C8-C9 and C6-C7 bonds from the measured one is 0.004 to 0.022 Å, 0.005 Å for C7-C8 bond, and 0.006-0.007Å for C6-N2 and C9-N2 bonds. The difference of C13-C14 bond from the measured one is 0.010 Å and 0.0321 Å for C11-C12 bond in ring III. In ring IV, the difference of C16-C17 and C18-C19 bonds from measured one is 0.024 Å and 0.016 Å respectively. The difference of C12-C13 bond in ring III and C17-C18 in ring IV is 0.012 Å and 0.023 Å, respectively. In ring III, the difference of C11-N3 and C14-N3 bonds is 0.011 Å and 0.016 Å, respectively. In ring IV, the difference of C16-N4 and C19-N4 bonds is 0.004 Å and 0.008 Å, respectively. The differences of C4-C5, C5-C6, C9-C10, C10-C11, C19-C20, and C1-C20 are 0.01, 0.018, 0.015, 0.017, 0.015, 0.003, 0.023, 0.009 Å, respectively.
To examine validity of bond lengths, we compared the LSDA optimized bond lengths and the HF. The LSDA optimized Mpa bond lengths are the maximum difference of ~ 0.035 Å, whereas the HF optimized MPa bond lengths (see Table 9 ) are the maximum difference of ~0.058 Å. The LSDA optimized maximum error percentage is 2.6% and 4.3% for HF, respectively. The average of bond length difference of the LSDA optimized Mpa is 0.014 Å and 0.026 Å for the HF optimized and therefore the LSDA optimized MPa bond lengths are more adequate than that of HF.
Compared to that of MPPa, the C1-C2 bond lengths of TMPPa, ITMPPa, TMPPa + , and ITMPPa + are extended by 0.011, 0.011, 0.019, and 0.009 Å respectively, owing to the effect on the nearest ring I by the tropolonyl and tropylium group. The C2-C3 and C3-C4 bond lengths have a maximum difference of 0.007 to 0.013 Å, likewise owing to the tropolonyl group and tropylium group effect on the nearest ring I. The bond lengths of TMPPa and ITMPPa have a maximum difference of 0.001 to 0.002 Å in ring II-IV as compared to that of MPPa, owing to the tropolonyl group. The bond lengths of TMPPa + and ITMPPa + have a maximum difference of 0.001 to 0.015 Å in ring II-IV as compared to that of MPPa in accordance with the tropylium group. We found that bond lengths caused by the tropylium group effect were larger than those of the tropolonyl group.
The bonds of C4-C5, C5-C6, C9-C10, C10-C11, C19-C20, and C1-C20 in TMPPa and ITMPPa are have a maximum differences of only 0.001 to 0.003 Å, as compared to that of MPPa; whereas for TMPPa + and ITMPPa + , the maximum is 0.003-0.013. Table 2 shows selected bond angles in methyl (pyro)pheophorbides, tropolonyl methyl pyropheophorbides, and methyl pyropheophorbide-a-substituted tropylium ions using the LSDA/ 6-31G*//HF/6-31G* level theory. The calculated bond angles of MPa are in good agreement with the experimental crystal structure of one, 20 with a maximum difference of ~2.2 degrees. In ring I, The C1-C2-C3 and C2-C3-C4 bond angles are increased by 0.4 and 1.6 degrees respectively, as compared to those of the measured one. In ring II-IV, the bond angles of C6-C7-C8, C7-C8-C9, C11-C12-C13, C12-C13-C14, C16-C17-C18, and C17-C18-C19 decrease except for the C12- 
․BF4
-by LSDA/6-31G* // HF/6-31G* Calculations C13-C14 bond angle, as compared to those of experimental value. The optimized bond angle of C2-C1-C20, C3-C4-C5, C5-C6-C7, C8-C9-C10, C10-C11-C12, C13-C14-C15, C15-C16-C17, and C18-C19-C20 is reduced by 0.1 to 1.4 degrees except for C2-C1-C20, C3-C4-C5 and C15-C16-C17 bond angles. The optimized LSDA bond angle of C4-C5-C6, C9-C10-C11, C19-C20-C1, and C14-C15-C16 is reduced by 0.5 to 3.2 degrees. To examine validity of bond angles, we compared the LSDA optimized Mpa bond angles and the HF. The LSDA optimized Mpa bond angles are the maximum difference of ~ 3.2 degree, whereas the HF optimized MPa bond angles (see Table 10 ) are the maximum difference of ~4.4 degree. The LSDA optimized maximum error percentage is 2.5% and 3.5% for HF, respectively. The average of bond angles difference of the LSDA optimized Mpa is 1.08 degree and 1.20 degree for the HF optimized and therefore the LSDA optimized MPa bond angles are more adequate than that of HF.
The LSDA-optimized bond angles of MPPa have a maximum difference of ~0.2 degrees, as compared to those of MPa in ring I-III. In ring IV, bond angles (C16-C17-C18, C17-C18-C19) are increased by 0.5 degrees as compared to those of MPa owing to the carboxylated group. The bond angles of C14-C15-C16 and C15-C16-C17 are increased by 0.8 and 1.1 degrees from that of MPa. For the residue angles of MPPa which has a maximum difference of ~0.4 degrees. The bond angles of TMPPa and ITMPPa have a maximum difference of 1.2 ~ 1.3 degrees from MPPa in ring I, however, the bond angles in ring II-IV were not changed. The maximum difference for the residue angles of TMPPa and ITMPPa is ~0.5 degrees. The calculated bond angles of TMPPa + and ITMPPa + have a larger difference than those of TMPPa and ITMPPa. The calculated bond angles of TMPPa + and ITMPPa + are with difference of 0.8 to 1.1 degrees from MPPa in ring I, while the bond angles in ring II-IV have a maximum difference of ~0.3 degrees. The bond angle differences of C2-C1-C20 of TMPPa + and ITMPPa are 1.3 and 0.6 degrees from MPPa, respectively because of a substitute isopropyl group effect. The bond angle differences of C4-C5-C6 and C13-C14-C15 are 0.7 degrees for TMPPa + and 0.5 and 0.4 degrees for ITMPPa, respectively. The bond angle difference of C10-C11-C12 is 0.5 degrees for TMPPa and 0.4 degrees for ITMPPa. The C16-N4-C19 angle has a diference of 0.6 degrees for TMPPa + and 0.5 degrees for ITMPPa ) for residue angles, the maximum angle difference is 0~0.2 degrees except for the angle C14-C15-C16 and C14-N3-H22. The angle differences of C14-C15-C16 and C14-N3-H22 are 0.9 degrees and 0.3 degrees, respectively. Table 4 shows the distances (Å) between protonated nitrogens and unprotonated nitrogen in a chlorin ring of calculated molecular systems. The distances of protonated nitrogen caused by substituted tropolonyl and cationic tropolonyl are decreased from those of MPa, whereas the unprotonated nitrogen is increased. Particularly, the distances of protonated nitrogen caused by substituted cationic tropolonyl groups are 4 
BF4
-by LSDA/6-31G*//HF/6-31G* calculations. In order to understand substituted cationic tropolonyl group effects, we compared the substituted tropolonyl groups (TMPPa, ITMPPa) and the cationic tropolonyl groups (TMPPa . The C26-C27 bond length of ITMPPa + has maximum difference of 0.078 Å from that of ITMPa. Comparing TMPPa + and ITMPPa + for substituted isopropyl group effects, we found that the dihedral angles of C23-O1-C21-C3 and C23-O1-C21-C22 have large difference of 91.4 degree and 91.2 degree respectively. The bond angle of C25-C26-C27 has maximum difference of 32.7 degree. The order of structural effects owing to the isopropyl group is ITMPPa + > ITMPPa + ․BF 4 -> ITMPPa. We further found that substituted cationic tropolony groups are with larger structural effects than the tropolonyl group. Although the dihedral angles are large change by tropolonyl group, the distortion of chlorin macrocycle is not great influence because Table 6 . The Sign reversed eigenvalues (in eV) Gouterman's four orbital [NHOMO(b2) to NLUMO(c2)] calculated using LSDA// RHF level theory. The last two row are the HOMO-LUMO Gap ( Δεhl ) and NHOMO-LUMO (Δεhnl ). Calculated Δεhl and Δεhnl are the state associated with visible band, parentheses are wavelengths (in nm).
LSDA/6-31G*//RHF/6-31G* troponlonyl group is antimcrobials. The PDT activity only depends on the distortion of chlorine mcrocycle.
Tropolonyl group is added as antimicrobials to see the dual function activities of PDT. The difference of bond lengths and bond angles from the MPPa means that chlorin macrocycle on molecular systems may be influence to the distortion by the substituted structural effects of tropolonyl group, although by a small amount. Table 6 shows the reversed eigenvalues (in eV), Gouterman's four orbitals 17 [NHOMO (b2), HOMO (b1), LUMO (c1), and NLUMO (c2)] calculated by Hartree-Fock (HF), and the LSDA theory for MPa, MPPa, TMPPa, and ITMPPa. The Δε hl and Δε hnl are the states associated with visible bands. 17 Δε hl and Δεhnl energy gaps for MPa are 1.610 eV and 2.256 eV, respectively. The Δε hl (Δε hnl ) of MPPa, TMPPa, and ITMPPa are 1.635 (2.255) eV, 1.671(1.933) eV, and 1.672(2.061) eV, which correspond to wavelength of 758(550) nm, 742(641) nm, and 741(601) nm respectively. The wavelength caused by the LSDA energy gaps show 3 ~ 12% deviations from the experimental value in Q bands. However, owing to the tropolonyl groups, the wavelengths of TMPPa and ITMPPa are slightly blue shift as compared to that of MPPa. These tendencies are in reasonable agreement with the experimental value.
Electronic Structures
11-12 Table 7 shows the sign reversed eigenvalues (in eV), Gouterman's four orbitals, 17 [NHOMO(b2), HOMO(b1), LUMO(c1), and NLUMO( were reduced as compared to those of TMPPa and ITMPPa, owing to tropylium tetrfluoroborates and tropylium ions. However, HOMO-LUMO band gaps have less compared to the wavelengths having the larger number. The wavelengths corresponding to the band gaps are red shift. Thus, cationic photosensitizers in Table 7 are better than the neutral photosensitizers in Table 6 , because the number of band gaps is small. The isopropyl group, being the electron donor, neutralized photosensitizers. Therefore the HOMO-LUMO band gaps (Δεhl) of TMPPa, TMPPa . Thus the larger the cationic character of these photosentizers, the smaller the HOMO-LUMO band gaps is. Figure 5 shows the three-dimensional (3-D) contours of the Gouterman four orbitals with a wave-function value of 0.01 and 0.02 a.u. for ITMPPa and ITMPPa +
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-derived from the LSDA theory. The HOMO is delocalized on chlorin macrocycle and has not contributions from (cationic) tropolonyl groups. The LUMO is similar to the HOMO, but the LUMO orbitals on the C17-C18 carbon atoms in ring IV have not contributions. Table 8 lists the selected atomic coefficients of HOMO and LUMO of ITMPPa and ITMPPa + ․BF4. It is shown that all the significant atomic orbitals 2Pz for either C or N, suggesting that HOMOs and LUMOs are π orbitals. The atomic coefficients of HOMOs and LUMOs in cationic photosensitizers are smaller than those of neutral photosensitizer. Nevertheless, the eigenvalues of HOMOs and LUMOs of cationic photosensitizers are larger than the neutral one because cationic systems have strong electrostatic interactions as shown in Table 7 . And because of the ionic states, TMPPa + and ITMPPa + have a very strong electrostatic interaction. In order to estimate the non-planar deformations of the chlorin macrocycle caused by the substituded tropolone and cationic tropolone in methyl pyropheophorbides, we were analyzed using NSD. ) 13(b),18-19 were analyzed using NSD as shown in Figure 6 . First comparing MPa with MPPa compound, nonplanar deformations of MPa were larger than those of MPPa. However, because of the carboxyl group effect in ring V of MPa as shown in Figure 1 , the HOMO-LUMO band gap of MPa is a slightly smaller than that of MPPa. On the other hand, NSD results show a larger change in out-of-plane deformation at TMPPa than that of MPPa to some extent. From detailed NSD results of MPPa, saddling is -0.070 Å, ruffling is -0.152 Å, doming is 0.037 Å, wav(x) is 0.043 Å, wav(y) is 0.001 Å, and pro is -0.127 Å. In contrast, saddling of TMPPa is -0.073 Å, -0.146 Å for ruffling, 0.054 Å for doming, 0.058 Å for wav(x), -0.004 Å wav(y), and -0.124 Å for pro. Hence, total observed distortion of MPPa is 0.218 Å, compared to that of TMPPa, which is 0.219 Å. It means that the HOMO-LUMO band gap is in reasonable agreement with the NSD results in MPPa and TMPPa.
Comparing TMPPa and ITMPPa, the distortion of ITMPPa is larger than that of MPPa because of the isopropyl group, which is an electron leaving group. Cationic tropolonyl groups have smaller distortions than tropolonyl groups, comparing cationic tropolonyl methyl pyropheophorbides with tropolonyl methyl pyropheophorbides in Figure 6 -are -0.069 Å for saddling, -0.165 Å for ruffling, and -0.127 Å for pro. Table 6 -7 shows that the electronic effect of cationic tropolonyl groups reduces the HOMO-LUMO gap. The wavelength corresponding to the band gap increases the red shift.
Conclusion

1.
We found the following results from the geometry optimization by LSDA/6-31G*//HF/6-31G* calculation. a) After calculating the bond lengths and bond angles, we compared the results of MPa and the experimental MPa.
The results are somewhat equivalent with a maximum difference of 0.000-0.035 Å and 0.0-3.2 degrees (see Table 1 -2). b) TMPPa and ITMPPa which were linked with tropolone change C-C bond lengths of the nearest ring I by 0.007 to 0.011 Å. The C1-C2-C3 bond angles and C2-C3-C4 have a difference of 1.2 degree and 1.3 degree respectively. Other bond lengths have a maximum difference of 0.001-0.003, and the bond angles have a maximum difference 0.5 degrees except the C14-C15-C16 bond angles of ITMPPa (Table 2 ). c) TMPPa + and ITMPPa + , which were linked with tropylium ions, changed the C-C bond lengths of the nearest ring I by 0.000 to 0.019 Å. The C1-C2-C3 bond angles and C2-C3-C4 are 0.8 to 1.1 degrees. Other bond lengths have a maximum difference of 0.001-0.011 Å. The bond angles have a maximum difference of ~1.3 degrees (Table 2) . TMPPa + ․ BF4 and ITMPPa + ․BF4, which were linked with cationic tropolone, changed the C-C bond lengths of the nearest ring I by 0.008 to 0.010 Å. The C1-C2-C3 bond angles and C2-C3-C4 have a difference of 1.1 to 1.4 degrees. Other bond lengths have a maximum difference of 0.000-0.007 Å. The bond angles have a maximum difference of ~0.4 degrees ( Table 3) . 2. The electronic effect of cationic tropolonyl groups reduces the HOMO-LUMO band gap. On the other hand, the isopropyl group effect increases the HOMO-LUMO band gaps. 3. The calculated energy band gaps are in reasonable agreement with the experimental value in visible bands (Q) (see Table 6 ) 4. The distortions of chlorin macrocycle are able to explain the normal-coordinate structural decomposition and the results are in reasonable agreement with the HOMO-LUMO energy gap. 5. The HOMO-LUMO gap is an important factor to consider in the development of PDT.
